The increasing interest in spin-based electronics has led to a vigorous search for new materials that can provide a high degree of spin polarization in electron transport. An ideal candidate would act as an insulator for one spin channel and a conductor or semiconductor for the opposite spin channel, corresponding to the respective cases of half-metallicity and spin-gapless semiconductivity. Our first-principle electronic-structure calculations indicate that the metallic Heusler compound Ti 2 MnAl becomes half-metallic and spin-gapless semiconducting if half of the Al atoms are replaced by Sn and In, respectively. These electronic structures are associated with structural transitions from the regular cubic Heusler structure to the inverted cubic Heusler structure. Recently, an interesting new class of materials, namely, spin-gapless semiconductors, has attracted much attention due to potential applications in spintronics. [1] [2] [3] [4] [5] [6] These materials are characterized by a zero band gap in one spin channel and by a finite band gap in the other channel, and therefore are different from ferromagnetic materials with semiconducting electron transport, including dilute magnetic semiconductors, which have long been investigated for semiconductor spintronics. 7, 8 Spin-gapless semiconductors (SGS) are attractive because they combine advantages of half-metallic (HM) magnets and zero-gap semiconductors. This unique combination leads to several remarkable properties such as high spin polarization (100%) of both the electrons and holes, carrier mobilities much higher than those of classical semiconductors, voltage-tunable spin polarization, and the ability to switch between spin-polarized n-and p-type conduction. 1, 9 There are several examples of gapless semiconductors, such as graphene and some mercury-based compounds, such as HgCdTe, HgCdSe, and HgZnSe, 10, 11 but spin-gapless semiconductors pose a much bigger challenge. A few materials, such as Heusler-type Mn 2 CoAl and CoFeCrAl, have been realized experimentally, 4, 5 but a large part of the current research focuses on predicting SGS theoretically. In 2008, Wang suggested an approach to design SGS materials by doping gapless semiconductors (GS) with magnetic ions, for example, replacing 25% of Pd in PbPdO 2 with Co. 1 Since then, more materials, especially derived from Heusler compounds, have been predicted to be SGSs. 2, 12 A specific aim of SGS research is to develop materials having compensated ferrimagnetic or antiferromagnetic spin structures, such as half-metallic antiferromagnets (HMAFMs). 3, 12, 13 Compared to ferromagnetic SGSs, these materials exhibit either small or no net magnetization, which is favorable due to the absence of magnetic stray fields, which could otherwise cause interference between neighboring elements in nanoelectronic devices.
The unique band-gap structure of SGSs requires welldefined atomic arrangements and has very narrow margins as far as chemical substitutions and disorder are concerned. The reason is that such structural changes modify the local densities of states (DOS) 4 and amount to a smearing of the total density of states, to a finite resistivity at zero temperature, and to a "dirty-metal" contribution to the transport behavior. In this paper, we investigate the previously unconsidered and probably rare situation in which a partial chemical substitution actually creates an SGS. The system is substituted Ti 2 MnAl, where half of the Al atoms are replaced by elements such as In and Sn. The parent alloy, Ti 2 MnAl, is a bcc (A2) derivative predicted to crystallize in the regular cubic Heusler structure ("regular phase," prototype Cu 2 MnAl) while having an inverted cubic Heusler polymorph ("inverted phase," prototype CuHg 2 Ti) with a slightly higher energy and a SGS band structure with zero net magnetic moment. 3, 13, 14 Figure 1 shows the main crystal structures involved in the present paper. The regular cubic Heusler structure (a) and the inverted cubic Heusler structure (b) have 16 atoms per unit cell, and these supercells can be considered as 2 Â 2 Â 2 superlattices composed of CsCl (c) or bcc (d) unit cells with two atoms each. Both the regular and inverted structures have one Ti atom at the corners of the supercell and three Ti atoms in the middle of the faces of the supercell (Wyckhoff positions 4a). These Ti atoms will be referred to as Ti-1 below. The difference between the regular and inverted structures is best rationalized by the occupancy of the remaining Ti atoms, which we call Ti-2 below. In the regular structure, these Ti atoms occupy the 4b sites, which include the three atoms in the middle of the supercell edges and the atom in the center of the supercell. The Mn and Al alternatingly occupy the remaining sites (4b and 4d), which are all located in the middle of the bcc unit cells. In the inverted structure, the Ti 4b and Mn 4c (or 4d) atoms interchange their positions, as one can see by comparing Figs. 1(a) and 1(b). As we will see below, this inversion has far-reaching implication for electronic structure and magnetism.
The purpose of this paper is to theoretically investigate the electronic and magnetic structures of Ti 2 MnAl and examine how these properties can be tuned and improved by substitutions of elements such as Sn and In for Al.
We have performed electronic-structure calculations for bulk Ti 2 MnAl, Ti 2 MnAl 0.5 In 0.5 , and Ti 2 MnAl 0.5 Sn 0.5 , each in the regular and inverted cubic Heusler structures. We employ density-functional calculations using the projector augmentedwave method (PAW) by Bl€ ochl, 15 implemented by Kresse and Joubert in the Vienna ab initio simulation package (VASP) 16 within the Perdew-Burke-Ernzerhof (PBE) generalizedgradient approximation (GGA). 17 The Methfessel-Paxton integration method 18 with a 0.05 eV width of smearing is used, along with plane-wave cut-off energy of 500 eV and convergence criteria of 10 À3 meV for the total energy calculations. A 12 Â 12 Â 12 k-point mesh is used for the Brillouin-zone integration. Some of the results are obtained using the MedeA Figure 2 plots the calculated energies E per 16-atom supercell as a function of the lattice parameter a for both the regular and inverted cubic Heusler phases of Ti 2 MnAl. The calculated equilibrium lattice constants for the regular and inverted structures are 6.15 Å and 6.23 Å , respectively. The ground-state structure, defined as the structure of lowest energy, is the regular structure. However, at a ¼ 6.33 Å , a phase transition occurs, and for larger lattice constants, the inverted structure is energetically more favorable than the regular one. The transition occurs at a tensile strain of less than 3%, a significant but experimentally attainable value, for example, in a thin-film geometry. Our calculated lattice parameters (including possible phase transition at tensile strain) are consistent with previous predictions.
3 Figure 3 shows the calculated DOS in Ti 2 MnAl for both regular and inverted structures at the optimal lattice constants. The regular ground-state phase (a) is metallic, whereas the inverted phase (b) exhibits an SGS DOS, that is, a wide band gap for the minority and a zero band gap for the majority spin channels. We have also analyzed the DOS of Ti 2 MnAl at a ¼ 6.40 Å , slightly above the transition lattice parameter of 6.33 Å . The results are summarized in Fig. 4 , from which we see that the regular phase (a) remains metallic whereas the inverted phase (b) retains its SGS behavior. In other words, a tensile strain of about 3% causes Ti 2 MnAl to undergo a phase transition from a regular metallic phase to an inverted cubic SGS phase. The band gap, 0.4 eV, is consistent with the value reported in Ref. 3 .
The transition from metallic to SGS behavior in Ti 2 MnAl is, in part, caused by the change in the crystal field due to the decreased hybridization between Ti and Mn states. As one can see from Figs. 3 and 4, the minority spin states of Ti and Mn have comparable contributions to the conduction band in the regular phase, whereas in the inverted phase, the empty minority spin states above the Fermi level are almost entirely from Ti, a clear indication of reduced Ti-Mn hybridization. Table I summarizes the calculated magnetic moments of Ti 2 MnAl for both regular and inverted structures. For the equilibrium lattice parameters, the regular phase is essentially non-magnetic, as the atomic moments of all the constituent elements are nearly zero. Note that the sum of all atomic moments slightly deviates from the total moment (by about 0.02l B per atom) because the local charge and magnetization are calculated in atomic spheres which do not exactly fill the entire space of the unit cell.
The inverted phase is a fully compensated ferrimagnet, that is, the total magnetic moment is zero due to the cancellation of antiparallel Ti and Mn moments. This result is also in good agreement with the previously published computational report. 3 However, at larger lattice parameters, for example, at a ¼ 6.40 Å , both phases behave similarly, like almost fully compensated ferrimagnets (see rows 4 and 5 in Table I ). The creation of pronounced local moments in expanded regular Ti 2 MnAl is probably due to the larger interatomic distances between Mn and Ti, which lead to a reduction of the Mn-Ti hybridization. 3 As discussed above, tensile strain of about 3% is predicted to turn Ti 2 MnAl into a spin gapless semiconductor. This suggests a strategy to design Ti 2 MnAl-based SGS or HM compounds in which the lattice parameters can be tuned by Figure 5 shows the calculated energies for Ti 2 MnAl 0.5 In 0.5 and Ti 2 MnAl 0.5 Sn 0.5 , respectively. In Ti 2 MnAl 0.5 In 0.5 , the minimum energies are À113.016 eV and À113.126 eV for the regular and inverted structure, realized at lattice parameters of 6.267 Å and 6.357 Å , respectively. Below a ¼ 6.280 Å , the regular structure is more stable; above this value, the inverted one becomes more stable. In Ti 2 MnAl 0.5 Sn 0.5 , the respective values are À116.272 eV and À116.386 eV at lattice parameters of 6.289 Å and 6.321 Å , and the transition occurs at about 6.20 Å .
In both cases, the inverted cubic Heusler structure is therefore the ground state although the energy difference between the regular and inverted phases is rather small, about 0.1 eV per 16-atom cell. Figures 6 and 7 elucidate the electronic structure of Ti 2 MnAl 0.5 In 0.5 and Ti 2 MnAl 0.5 Sn 0.5 . Figure 6 shows the DOS of Ti 2 MnAl 0.5 Sn 0.5 in regular and inverted structures. The inverted ground state of Ti 2 MnAl 0.5 Sn 0.5 exhibits halfmetallic behavior, with metallic behavior of the majority and insulating behavior of the minority electrons. By contrast, the regular phase of Ti 2 MnAl 0.5 Sn 0.5 is a spin-polarized metal. Since the inverted phase of Ti 2 MnAl 0.5 Sn 0.5 corresponds to the ground state structure, this material is a halfmetal at ambient pressure. In the case of Ti 2 MnAl 0.5 In 0.5 , Fig. 7 , the regular phase is a Pauli-paramagnetic metal and the inverted phase, which corresponds to the ground-state structure, is a SGS. to crystallize in the inverted cubic Heusler structure. We envision experimental research on these intriguing systems as a subject of future work.
